Abstract. The objective of this study is to develop a methodology for quantifying rainfall-induced 
Introduction

37
Fengjie County is located in the Three Gorges region, known as an area of frequent landslides.
38
Landslide hazards are increased in the Three Gorges area due to the construction of Three Gorges dam 39 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017 Discuss., doi:10.5194/nhess- -99, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 18 April 2017 c Author(s) 2017. CC-BY 3.0 License. (Bai et al., 2010) . Attention has been attracted not only for landslide hazard assessment (e.g. Deng et al., 1 2000; Wu et al., 2001; Fourniadis et al., 2007a; Wang and Li, 2012; Liu et al., 2013; Zhu et al., 2014) 2 but also for the impact of slope instability on ecosystems and socio-economic stability (Fourniadis et 3 al., 2007b) .
4
In mountainous terrain, landslides are often triggered by rainfall (Dai and Lee, 2002a) , which could 5 result in enormous property damage and loss of human life. In the case of landslide events, landslide 6 susceptibility assessment is the presentation of spatial distribution of existing and potential landslides 7 in an area (Guzzetti et al., 1999; Fell et al., 2008; Van Den Eeckhaut and Hervá s, 2012) and it could 8 provide valuable assistance for hazards mitigation (Fall et al., 2006; Nefeslioglu et al., 2008) . Studies 9 on rainfall-induced landslide have been conducted by various researchers around the world (e.g. Fourie, 10 1996; Crosta, 1998; Iverson, 2000; Dai et al., 2003; Rahardjo et al., 2005; Zhang et al., 2005; van 11 Wetsten et al., 2006; Crosta and Frattini, 2008; Castellanos Abella and van Westen, 2008; Wu and Chen, 12 2009; von Ruette et al., 2011; Giannecchini et al., 2012; Springman et al., 2013; Alvioli et al., 2014) , 13 rainfall thresholds identification, rainfall infiltration analysis, stability analysis and landslide risk 14 assessment were implemented. Heuristic methods, statistical approaches, probabilistic and 15 deterministic models were employed concerning spatial and temporal characteristics as well as 16 site-specific slopes, regional scales and national scales were involved.
17
Based on the methods utilized to perform the landslide susceptibility, the most common 18 classification is to divide those methods into two types: qualitative methods and quantitative methods 19 (Aleotti and Chowdhury, 1999) . The qualitative risk assessment based on heuristic approaches are 20 conducted in many countries (van Westen et al., 2006) , for a regional analysis it is often useful (Ayalew 21 and Yamagishi, 2005) , however, the qualitative methods are relied on the experience of experts and 22 hence partly subjectivity is accompanied. The quantitative methods, namely statistical analysis, 23 deterministic analysis and probabilistic approaches (Aleotti and Chowdhury, 1999) , are based on 24 numerical calculations to figure out the relationship between influencing factors and landslides, thus 25 during the process of weight assignment subjectivity and bias could be minimized (Kanungo et al., 26 2009 ). The appropriate choice of what type the methods are implemented depends on the type of 27 project, the availability of data, the criteria used to judge the degree of acceptable risk, etc. (Whitman, 28 2000) . In addition, a detailed knowledge and understanding of slop failure mechanism, slope 29 movement, geology, geomorphology and hydrogeology is essential to carry out a landslide 30 susceptibility (Fell et al., 2008) . In recent years, some physically-based models have been conducted to 31 study the mechanism of rainfall-induced landslides and infiltration analysis for individual slopes (e.g. 32 Lee et al., 2009; Cascini et al., 2010) , and models generally combining an infinite stability model and a 33 hydrological model concerning topographic, geotechnical and hydrologic parameters for regional 34 assessment have been developed (e.g. Salciarini et al., 2006; Monstrasio et al., 2011; Kim et al., 2014) .
35
Among the approaches, to facilitate the improvement of the landslide susceptibility the Geographic 36 Information Systems (GIS) are usually applied with its power to process spatial data (Carrara et al., 37 1999; Dai et al., 2002b; Zhou et al., 2003; Neuhä user et al., 2012) . However, one of the drawbacks in 38 the physically-based approaches is prohibitive data requirements and therefore may be appropriate for 39 small areas (Dai et al., 2002b; Giannecchini et al., 2012) .
40
As to Fengjie, existing studies revealed that rainfall is the main triggering factor for landslides, and 41 relevant researches were mainly about landslides distribution and slope failure mechanisms (e.g. Zhang 42 et al., 2004; Xu, 2005; Qi et al., 2006; Wang, 2007; Li, 2010; Yang et al., 2012) , however, few landslide 43 inventory maps and landslide susceptibility maps were involved. Moreover, after the impounding of 44 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017 Discuss., doi:10.5194/nhess- -99, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Discussion started: 18 April 2017 c Author(s) 2017. CC-BY 3.0 License.
Three Gorges Project in 2003, the environment in Fengjie has experienced large changes (Liu, 2005) 1 hence the landslides events in the past may not be a good indication to implement landslide assessment.
2 Thus, to carry out rainfall-induced landslide susceptibility map in Fengjie using the traditional methods 3 (e.g. Heuristic methods and statistical approaches) may not seem to be a good choice.
4
The objective of this paper is to carry out a quantitative assessment of landslide susceptibility in new 5 urban area of Fengjie county. The study develops an infinite stability model using Geo-studio software 6 concerning rainfall infiltration to obtain safety factor for individual slopes, then combining the 7 calculation results with artificial neural network (ANN) to figure out the relationship between 8 influencing factors and potential landslides, based on the trained model, using GIS, a landslide 9 susceptibility assessment map could be made. 
30
The geological and structure features to a large extent influence the morphology. River accounts for the deformation and fracture of stratum in some parts of the area, and the 38 well-developed cutting layered joints are a major feature on the north bank (Luo et al., 2005) . The 39 weathering processes have significant influences on the properties of the widespread marlstone and 40 argillacous limestone, resulting in brittleness and fragility, thus the slopes in the area composed of 41 those rocks are prone to slide under certain triggering factors (Zhang, 2004; Chang et al., 2005) .
43
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Landslide occurrence and characteristics 1
Characterized by wet summers and autumns, with an annual mean precipitation ranges from 1126.7 2 mm to 1140.9 mm, Fengjie County is one of heavy rainfall centers in Three Gorges area. With complex 3 geologic structure, fractured stratum and well developed gullies, the study area is a place prone to 4 landslides and collapse (Ouyang et al., 2005) . The landslides events in the study area are in accordance 
Data and methods
18
In order to obtain rainfall-induced landslide susceptibility model, we developed an infinite stability 19 model using Geo-studio software concerning rainfall infiltration to obtain safety factor for individual 20 slopes, then combining the calculation results with ANNs to figure out the relationship between 21 influencing factors and potential landslides, in that way the susceptibility model was achieved.
22
Therefore, to carry out slope stability analyses is a pre-requisite. Considering the geological setting, the 23 available data and the characteristics of the study area, an limit equilibrium method, namely 24 Morgenstern-Price slice method was employed. Then, the safety factors were calculated via Geo-studio 25 software (Slope/W module and Seep/W module) concerning rainfall infiltration into slopes.
26
Even the study area is a small region less than 7km 2 , obtaining safety factors based on physical 27 approaches for all potential slides is a huge task. (Zhou et al., 2004; Wen et al., 2011) . Friction angle, cohesion and 2 weight in addition were taken to implement the stability analysis. The relationships between landslide 3 and rainfall and the prediction models in Chongqing region were studied by many researchers (e.g. 14 Based on the detailed field survey, the variations of influencing factor values in the study are 15 described in Table 1 . The intensity of rainfall may vary in different elevations and terrains of an area 16 (Segoni et al., 2014) , in order to make the physical based analysis feasible to do, the rainfall value 17 adopted here is in the form of mean daily rainfall.
18
To build the ASD, one of experiment design methods, uniform design method was adopted to make 19 the samples cover those 6 factors and guarantee sufficient experiment levels. The experiment levels of 20 the factors were designed as 30, accordingly, an uniform design table U30*(30 13 ) was utilized.
21
Afterwards, the MATLAB software was employed to divide the range value of each factor into 30 22 levels uniformly, and then combine the divided levels of the factors together. In this way, the ASD was 23 built (see Table 2 ).
25
Computation of safety factors
26
With regard to rainfall-induced landslide stability analysis, conceptual infiltration models (e.g., 
10
In this study, the BP ANN with a single hidden layer was employed ( 
21
Prior to the training process, using the software Matlab, the ASD has to be normalized on nominal 22 scales as binary numbers in case of convergence problems (see Table 3 ). In the training process ( 
Landslide susceptibility assessment
1
The thematic data layers were integrated combined with the trained ANN, in this way rainfall-induced 2 landslide susceptibility assessment was achieved under 5 types of rainfall events. Then the assessment 3 results were mapped for different rainfall events within the GIS, we choose a typical value for each 4 rainfall type, and the calculations values of different rainfall are shown in Table 5 . With regard to the 5 assessments, they were classified into 5 grades according to the computation values of slope instability 6 (Table 6 ). This classification was conducted by means of natural break points method. It is found that 7 under light rainfall, moderate rainfall and even heavy rainfall VH and H zones could hardly be 8 discerned, which means landslides in the area may not be induced by the rainfall conditions when its 9 mean daily rainfall less than 50 mm. Fig. 9 shows the landslide susceptibility assessment under 10 rainstorm and severe rainstorm in the study area. Furthermore, statistical results about the landslide 11 susceptibility zonation under rainstorm and severe rainstorm were calculated concerning these frequent 12 weathers in the study area (Table 7) .
13
As can be observed from To validate the landslide susceptibility assessment, we made a thorough investigation about 30 landslides in the area from 1998 to 2014. With regard to the triggering factor, rainfall, mostly rainstorm 31 (mean daily rainfall over 100mm), accounting for the overwhelming majority. 58 rainfall 32 (rainstorm)-induced landslides are presented in Table 8 and Fig. 10 , locations, occurrence time and 33 general directions of these landslides are clearly identified. All of the landslides were directly triggered 34 by rainfall, however, among these landslides, some occurred under the combination of rainfall and river 35 erosion, which needs more efforts to clarify the major cause.
36
As can be seen from Fig. 9 and Fig. 10 , the actual landslides are accordance with the assessment 37 results, locations of these actual landslides mostly fall on H zones and VH zones in Fig. 9 . However, was concerning slope angle, slope height, cohesion, friction, weight and rainfall. Then, the safety 7 factors of site -specific slopes from the ASD were calculated. The employment of ANN was a bridge 8 between the individual slope stability analysis and the overall slope stability analyses in a regional 9 scale, and within a GIS the quantitative assessment of the landslide susceptibility was mapped.
10
Subsequently, 58 actual rainfall (rainstorm)-induced landslides occurred in the study area from 1998 to 11 2014 were used to verify the susceptibility assessment, and satisfactory results were obtained.
12
The landslide susceptibility zonation implies that slopes in more than a quarter of the study area are Montrasio, L., Valentino, R. and Losi, G.L.: Towards a real-time susceptibility assessment of 7 rainfall-induced shallow landslides on a regional scale, Natural Hazards and Earth System 8 Sciences, 11, 1927 Sciences, 11, -1947 Sciences, 11, , 2011 Nefeslioglu, H.A., Gokceoglu, C. and Sonmez, H.: An assessment on the use of logistic regression 10 and artificial neural networks with different sampling strategies for the preparation of landslide 11 susceptibility maps, Engineering Geology, 97, 171-191, 2008. 12 Neuhä user, B., Damm, B. and Terhorst, B.: GIS-based assessment of landslide susceptibility on 13 the base of the Weights-of-Evidence model, Landslides, 9, 511-528, 2012. 14 Ng, C.W.W. and Shi, Q.: A numerical investigation of the stability of unsaturated soil slopes 15 subjected to transient seepage, Computers and Geotechnics, 22, 1-28, 1998. 16 Ouyang, Z.-X., Zhang, Z.-R., Ding, K., Shi, J. and their potential for assessing landslide susceptibility, hazard and risk, Geomorphology, 41 139-140, 545-558, 2012. 42 van Westen, C.J., van Asch, T.W.J. and Soeters, R.: Landslide hazard and risk zonation-why is it 43 still so difficult? Landslides, 65, 167-184, 2006. 44 Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017 Discuss., doi:10.5194/nhess- -99, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017 Discuss., doi:10.5194/nhess- -99, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. Nat. Hazards Earth Syst. Sci. Discuss., doi:10.5194/nhess-2017 Discuss., doi:10.5194/nhess- -99, 2017 Manuscript under review for journal Nat. Hazards Earth Syst. Sci. 
Ranges 25~65 8~14.9 0.5~100 4~42 13.7~19.6 0~121.4 Table 2 Analysis sample database of influencing factors and safety factors In the table, category of cohesion IV, III, II, I denote the value of cohesion vary from 0.5 to 20 MPa, from 20 to 50 MPa, from 50 to 80 MPa, and 80 to 100 MPa, respectively; category of friction IV, III, II, I denote the value of friction angle vary from 4° to 10°, from 10° to 25°, from 25° to 35°, and 35° to 42°, respectively; in terms of weight, the category I, II, III, IV denote the value of weight vary from 13.7 to 15.2 kN/m3, from15.2 to 16.8 kN/m3, from16.8 to 17.6 kN/m3, and 17.6 to 19.6 kN/m3, respectively. Table 5 Calculations value of different rainfall Table 6 Classification of landslide susceptibility assessment 
